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Well dispersed aqueous suspensions containing single-walled carbon nanotubes (SWCNTs) from 
bulk powders were prepared with surfactant and without surfactant by acid functionalization. 
SWCNT coated electrodes were then prepared from the SWCNT aqueous suspensions using various 
methods to create uniform nanoporous networks of SWCNTs on various substrates and stainless steel 
(SST) current collectors for use as ultracapacitor electrodes. Drop coating, high voltage electro-
spraying (HVES), inkjet printing, and electrophoretic deposition (EPD) methods were evaluated. 
Optical and scanning electron microscope images were used to evaluate the SWCNT dispersion 
quality of the various electrodes. Ultimately an EPD process was established which reliably produced 
uniform SWCNT nanoporous networks on SST substrates.  
The prepared SWCNT coated electrodes were characterized using cyclic voltammetry and their 
capacitance was determined. A correlation between extended EPD processing times, EPD processing 
temperatures, and electrode capacitance was quantified. Optimum EPD processing occurs where 
linear capacitance gains were observed for processing times less than 10 minutes. At processing times 
between 10 – 60 minutes a non-linear relationship demonstrated diminishing capacitance gains with 
extended EPD processing times. Likewise, optimum EPD processing occurs when the processing 
temperature of the SWCNT suspension is raised above room temperature. At processing temperatures 
from 45°C to 60°C an increase in capacitance was observed over the room temperature (22°C) 
electrodes processed for the same durations. Conversely, for processing temperatures less than room 
temperature, at 5°C, a decrease in capacitance was observed.  It was also observed that SWCNT 
electrodes processed at 60°C processing temperatures resulted in 4 times the capacitance of 5°C 
electrodes for the same processing times, when the durations were 8 minutes or less. For samples with 
raised processing temperatures the time dependent capacitance gains were observed to be 
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significantly diminished beyond 10 minute processing times. The SWCNT network thickness was 
also correlated to EPD processing temperature and capacitance. A linear relationship was identified 
between the SWCNT network thickness and the capacitance of the electrode. It was also observed 
that elevated processing temperatures increase the EPD deposition rate of SWCNTs, produce thicker 
SWCNT networks, and thus create electrodes with higher capacitance than electrodes processed at 
lower EPD processing temperatures.  
EPD of SWCNTs was demonstrated in this work to be an effective method for the fabrication of 
SWCNT ultracapacitor electrodes. Characterization of the process determined that optimal EPD 
processing occurs within the first 10 minutes of processing time and that elevated processing 
temperatures yield higher SWCNT deposition rates and higher capacitance values. In this work the 
addition of SWCNT nanoporous networks to SST electrodes resulted in increases in capacitance of up 
to 398 times the capacitance of the uncoated SST electrodes yielding a single 1cm2 electrode with a 
capacitance of 91mF and representing an estimated specific capacitance for the processed SWCNT 
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As portable energy dependence moves away from fossil fuels and other consumable energy sources, the 
need for portable energy storage devices with larger electrical storage capacities and faster charge rates 
becomes more critical to the success of products and technologies that rely on these portable energy 
sources [1-3]. 
1.1 Motivation 
The work presented in this thesis is motivated by the need to create an energy storage device that can 
obtain the high energy density, or charge capacity, of batteries yet also obtain the high power density, or 
charge and discharge rates, of capacitors. From the fundamental equation for electrode capacitance 
nanomaterials, specifically single-walled carbon nanotubes (SWCNTs), were selected as the building 
blocks for the fabrication of electrically conductive nanoporous electrodes. 
1.1.1 Energy Storage Devices 
Traditional portable energy storage devices include various types of batteries, capacitors, supercapacitors 
or ultracapacitors, and fuel cells. Each has inherent advantages and disadvantages, including performance 
cost, reliability, and lifetime performance [2]. Figure 1.1 shows a visual representation of these attributes 
to compare batteries, ultracapacitors (UC), fuel cells (FC), and flywheels (FW). From the figure it can be 
generalized that ultracapacitors have the best durability, lifespan, specific power, and fastest operating 




Figure 1.1 - Visual representation of attributes of different energy storage technologies [3] 
 
For the purpose of this work on ultracapacitor electrodes the primary comparison for energy storage 
devices will focus on the differences in specific energy and specific power and how to increase the energy 
density of ultracapacitors. Energy density refers to the amount of energy stored per unit volume and when 
used to describe energy storage systems is often used in synonym with the term specific energy which 
alternatively refers to the energy stored per unit mass. Power density refers to the rate at which energy can 
be charged or discharged per unit volume and again when used to describe energy storage systems is 
often used interchangeably with the term specific power referring to the energy charge-discharge rate per 
unit mass [3]. The Ragone chart in Figure 1.2 below shows a comparison between specific energy and 
specific power for various energy storage devices. It is a way to compare the energy characteristics of 
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different batteries, capacitors, ultracapacitors and fuel cells in terms of their energy carrying and transfer 
limitations. 
 
Figure 1.2 - Energy density vs power density for select portable energy devices [4] 
 
As can be seen from the plot, fuel cells have the highest specific energy between 200-900Wh/kg. 
However, their specific power remains low between 10-20W/kg. On the other hand traditional capacitors 
have a very high specific power 1000-7000W/kg, but have a very low storage capacity or specific energy 
at 0.01-0.11Wh/kg. The diagonal lines demonstrate the energy charge/discharge times. For capacitors the 
stored energy can be discharged in a few milliseconds (36ms). For batteries the discharge times are closer 
to 1hr. As can be seen from the chart the progression of battery technology from lead acid to nickel 
cadmium to lithium ion has allowed batteries to improve in both specific energy and specific power 
properties. The goal of many researchers is to continue improving battery and ultracapacitor technologies 
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to develop devices that will bridge the gap between batteries and ultracapacitors to edge further into the 
upper right corner of the Ragone plot, thus having both large specific energy and large specific power 
properties. The use of nanotechnology is one of the tools that researchers are focusing on to achieve these 
goals. 
1.1.2 Nanostructures in Energy Storage Devices 
Nanotechnology, the creation and use of sub micron (0.1µm=100nm) structures, is not a new field of 
study but recently has become an important topic for high level research in the areas of energy storage 
and electronic devices. Since many of the phenomena that enable energy transfer occur at the atomic or 
molecular level the use of nanostructures to better control and enable these phenomena has great potential 
for improved energy transfer efficiency, higher energy densities, and better material utilization. Energy 
transfer devices such as batteries, capacitors, ultracapacitors, fuel cells, solar cells, and consumer 
electronics can all benefit from the use of nanotechnology [5]. Lithium Ion batteries for example have 
been shown to benefit from the use of Si-C nanocomposites or nanostructured Fe-O in the chemical 
diffusion of Li showing improved reversibility and charge capacity [5]. Likewise, fuel cells are benefiting 
from the use of Pt coated nano-whiskers and Pt-Ru nano particles to improve catalytic reactions and 
obtain better utilization of expensive precious metals [5]. In ultracapacitors, where the charge transfer 
does not rely on chemical reactions for charge transfer and thus are not limited in speed or lifetime by the 
chemical kinetics, nanostructures play a critical role [6,7]. The charge from an ultracapacitor is created by 
the charge separation in the electrolyte immediately surrounding the porous electrodes, this phenomenon 
is also where the term double-layer capacitor comes from [1,6]. Figure 1.3 shows a representation of an 




Figure 1.3 - Representation of electrochemical double layer ultracapacitor in the charged state [1] 
 
From an ultracapacitor device standpoint the amount of charge is primarily dependent on the effective 
surface area sites available for ion attraction on each electrode pair and the separation distance between 
the electrodes as shown in the following equation [7]: 
C = єA/d    (1.1) 
where C is the capacitance, A is the surface area of an electrode pair, d is the distance between them, and 
є is the permittivity relating to the electrolyte.  
Another useful equation for the characterization of ultracapacitors is the specific energy equation: 
E = ½CV2    (1.2) 
where E is the energy stored for the ultracapacitor, C is the capacitance per kg, and V is the applied 
voltage [7]. However, research has shown that the pore size of porous materials can play an important 
role in the amount of charge an electrode can store [8,9]. The literature shows that there is a critical pore 
































 CNTs. The p
acapacitors s







e rolled up an
al represent























des is the use
s 
investigated c
 consist of m
orm a seamle
Ts from a m
s and are gen






















ic sheets of 





 volumes of 
ch larger than























produced. Further purification steps remove impurities and catalyst particles to leave upwards of 97% 
pure CNT powders (Figure 1.5). 
 
Figure 1.5 – Carbon nanotube powder 
Vapor deposition processes are used to grow vertically aligned arrays of CNTs on substrates which can 
have high precision but are slower, more expensive to produce, have lower output volumes and are 
process intensive.  
Learning about the unique combination of properties displayed by individual CNTs helps to understand 
why CNTs show so much promise for the advancement of the properties of the bulk products. CNTs can 
have length to diameter ratios of up to 132,000,000:1 with lengths that can range from a few nanometers 
to a few centimeters [13]. CNT diameters vary depending on the type of CNT but remain within the 
nanoscale at 0.4 to 100nm [14]. There are two primary types of CNTs, single-walled carbon nanotubes 
(SWCNTs) and multi-walled carbon nanotubes (MWCNT). The diameters of SWCNTs are smaller and 
range from 0.4 to 2nm consisting of a single hollow carbon nanotube. MWCNTs on the other hand have 
larger diameters from 2 to 100nm and consist of multiple concentric carbon nanotubes with the largest 




Figure 1.6 – Representation of single-walled (left) and multi-walled (right) CNT structures [15] 
These nanoscale diameters and strong sp2 carbon bonds create very high strength to weight ratios. 
Individual CNTs are currently the strongest material discovered with reported tensile strength of upwards 
of 63 GPA, twenty times stronger than steel at approximately 3GPA [16]. At 1.3-1.4g/cm3 they are also 
very low in density and thus their specific strength is the highest currently known, 48,000 kN·m/kg 
compared to high-carbon steel at only 154 kN·m/kg [17]. In addition to their impressive mechanical 
properties one of the most useful properties of CNTs for energy systems is their ability to act as metallic 
conductors. This property results in strong interest for their use in electronic devices. The carbon bonds 
within CNT structures can transfer electrons easily such that they can act as metals and in theory are 
reported to have current densities of up to 4 × 109 A/cm2 which compared to copper 1 to 4 x 106 A/cm2 is 
almost one thousand times greater [18,19]. Likewise their aspect ratios and low densities provide CNTs 
with a very high surface area to weight ratio. This is important for increasing the active surface sites for 
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energy transfer while keeping the overall size and weight of the energy systems low. Another desirable 
property of CNTs is their excellent chemical stability and high corrosion and temperature resistance.  
These desirable electrical and mechanical properties make CNTs ideal building blocks for the 
advancement of energy systems and electronic devices in general. In particular, for this work on 
ultracapacitor devices, SWCNTs were selected since they generally have fewer defects and better 
electrical properties than MWCNTs and the well controlled 0.4-2nm diameter SWCNTs make ideal 
structures for the creation of thin three dimensional nanoporous networks for use in ultracapacitor 
electrodes [19,20]. By controlling SWCNTs to form nanopores for electrolyte ion transporting and 
adsorption in ultracapacitors the SWCNT electrode nanostructures can be optimized for maximum energy 
storage capacity [21,22]. 
1.2 Objectives 
For the production of energy storage devices, such as ultracapacitors, bulk produced CNT powders are 
better suited for high volume manufacturing products than CNT arrays or forests. Unfortunately, one of 
the difficulties that have been reported with the use of CNT powders in the production of thin films is the 
agglomeration of CNTs during suspension processing [23]. The strong van der Walls forces and 
hydrophobicity of the SWCNTs result in the formation of ropes and tangled networks within aqueous 
suspensions and can result in non-uniform or uneven SWCNT coatings [23]. A process is therefore 
needed which is repeatable and can uniformly deposit purified SWCNT powders over large areas for high 
volume production of SWCNT electrodes while producing uniform nanopores to create maximum charge 
capacity. 
Using purified SWCNT powders prepared into suspensions, various SWCNT deposition processes and 
their effect on the energy density of ultracapacitors can be evaluated. SWCNT dispersion techniques such 
as drop coating, high voltage electro-spraying (HVES), inkjet printing, and electrophoretic deposition 
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(EPD) [24,25,66] are investigated here for their ability to form uniform nano-structures from SWCNT 
suspensions. Once a suitable deposition method is identified the specific processing parameters of that 
method are characterized. More specifically this work shows that EPD is an effective method for the 
production of SWCNT ultracapacitor electrodes and identifies the relationships between SWCNT 
electrode capacitance and EPD processing parameters such as processing time and processing 
temperature. The characterization of these process parameters and the methods defined in this work allow 
for the optimization of EPD processed SWCNT ultracapacitor electrodes to create high capacitance 
electrodes.  
Understanding and optimizing the methods for SWCNT electrode fabrication and defining the process 
parameters to create large areas of uniform nanoporous networks will help increase the energy density of 





A review of various techniques and processes for manipulating carbon nanotubes and other nano 
materials for the purposes of creating structures, coatings, and devices is necessary for the experimental 
fabrication of SWCNT electrodes. A preliminary need which has also been identified is the need to 
produce a stable and well dispersed SWCNT suspension for handling and processing of purified SWCNT 
powders. Methods for dispersing SWCNT suspensions onto substrates were also reviewed to determine 
which methods were suitable for or could be adapted for use in the fabrication SWCNT ultracapacitor 
electrodes. A review of current devices, including ultracapacitors, created using SWCNT suspensions and 
the tools used to produce them were also identified throughout the literature review. Finally a review of 
the benchmark research results as well as the best in class commercially available carbon ultracapacitors 
were investigated and summarized for reference. 
2.1 Single-Walled Carbon Nanotube Suspensions 
Purified as received SWCNTs are typically in the form of a fine powder as shown previously in Figure 
1.5. The nanotubes are extremely lightweight, mimicking dust particles, and are difficult to work with in a 
powder form.  To facilitate the uniform coating of SWCNTs onto substrates the SWCNTs need to be well 
dispersed into liquid suspensions. Through the course of the literature review 3 methods for the dispersion 
of SWCNTs into liquids were identified and are discussed in more detail below. 
2.1.1 Sonication Mixed Suspensions 
SWCNTs are extremely hydrophobic and due to the strong Van der Waals forces along the lengths of the 
tubes have a tendency to agglomerate and form bundles and ropes [23,26]. To separate CNTs without the 
addition of surfactants or treatment of the CNTs one simple technique used for temporary dispersion of 
CNTs in aqueous suspensions is the use of high power sonication tips (1/8 in., 6 W, 22.5 kHz). However, 
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this technique is reported to have minimal success due to poor CNT dispersion percentages and poor shelf 
life [27,28,32]. Also the sonication of CNTs has been known to shorten their lengths, change the CNT 
diameters, and introduce defects due to the high power sonification required to break the Van der Waals 
forces and disperse the CNT bundles [27,29,30]. To mitigate the amount of sonication time and to 
significantly improve the shelf life, concentrations, and individual tube separations in aqueous 
suspensions the use of sonication alone is not common. Instead researchers are combining mild sonication 
with the addition of surfactants, polymer wrapping, or chemical modification techniques to achieve much 
better CNT suspensions. 
2.1.2 Surfactant and Polymer Based Suspensions 
Dispersion of CNT bundles and ropes into aqueous suspensions has improved with the use of surfactants 
and polymers to isolate individual CNTs from bundles and ropes and to produce stable suspensions 
[27,28]. Essentially the surfactants and polymers used in CNT suspensions work in a similar method by 
adsorbing onto the CNT surface and shielding the hydrophobic CNTs from the H2O molecules and other 
CNTs. Three of the most common surfactants used are sodium dodecylbenzene sulfonate (NaDDBS), 
sodium dodecyl sulphate (SDS), and Triton X-100. Some theories as to how the surfactants adsorb onto 
the CNTs suggest random arrangement of the surfactant molecules, with the heads and tails of the 
surfactant molecules wrapping the CNTs [31]. Below is a schematic representation of another hypothesis 
for how three common surfactants could adsorb onto the CNT walls as hemimicelles and shield the CNTs 




Figure 2.1 - Schematic representation of surfactant adsorption on CNT walls [27] 
However, one of the issues described with the use of surfactants in the preparation of SWCNT suspension 
for use in the creation of SWCNT networks is the trapping of surfactants in the SWCNT network [32]. As 
the SWCNT network is formed the surfactant molecules can become trapped and affect the thermal and 
electrical properties of the network by impeding the formation of tube to tube junctions. In an attempt to 
remove the surfactant post formation, additional process steps can be required but due to the integration 
of the surfactant in the network it can be difficult to remove all surfactant or could disturb the processed 
SWCNT layers [32,33]. 
2.1.3 Functionalized Suspensions 
The addition of molecular groups to, or functionalization of, SWCNTs can be an effective method for 
dispersing SWCNT bundles in polar suspensions such as H2O or Ethanol without the use of surfactants 
[34,35]. Strong acids such as concentrated Nitric or Sulfuric acids can be used to add charged molecular 
groups, mainly carbonyl (CO) and carboxylic (COOH) groups, to the defect sites along the CNT walls. 
The bonding of these charged molecules give the CNTs a surface charge which helps to repel them from 
one another and disperse the individual tubes in the polar suspensions [36]. Figure 2.2 shows a 
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2.2 Single-Walled Carbon Nanotube Suspension Deposition Methods 
For the creation of devices using nanomaterial suspensions such as SWCNTs in H2O various techniques 
are considered for the uniform coating or deposition of suspensions onto substrates. Each method has 
advantages and disadvantages and their use depends on the properties of the final product including its 
size, intended use, and contact materials. Four common deposition methods for SWCNTs are described 
here. 
2.2.1 Vacuum Filtration Method 
The vacuum filtration method is used for SWCNTs where no current collector or other substrate is 
desired, as in the formation of a self supporting SWCNT film, also known as “Bucky paper”. In this 
method the SWCNT suspension is drawn through a cellulose, ceramic, or other filter of pore size in the 
micrometer range, 0.45 μm for example [39,40]. A vacuum or other pressure differential is created to 
force the suspension through the filter. As the SWCNT suspension moves through the filter the liquid 
suspension passes through the filter pores and the SWCNTs are trapped on the surface forming a random 
oriented network (Figure 2.4). The filters coated with the SWCNT network are then removed from the 
system and dried in an oven or room temperature to remove moisture. In some cases the SWCNT 
networks are used in conjunction with the filters while in other cases the filters are removes through 
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Figure 2.6 – Illustration of wire wound rod coating technique [48] 
Advantages of the wire wound rod method are low equipment costs, scalability for large volume 
production, and ease of implementation. The disadvantages with this process are the waste material on the 
rod and sides of the substrate, the specific viscosity requirements, and the difficulty in obtaining 
undamaged or defective free films during handling and curing [45,48]. 
2.2.4 Electrophoretic Deposition 
To address the surface imperfections and waste associated with rod coating electrophoresis or 
electrophoretic deposition (EPD) has also been investigated. EPD is similar to electroplating and uses 
voltage potential between two electrodes to move charged particles of desired coating material from a 
suspension and onto the surface of one of the electrodes [49]. For EPD to be effective both the electrode 
pair or substrate and the deposition particles in suspension need to be electrically conductive [50]. In the 
case of functionalized CNTs they are electrically conductive and have surface charges due to the 
functionalization making them a good candidate for the EPD process. An example EPD setup for 





Figure 2.7 – Schematic of electrophoretic deposition cell used to create CNT thin films [51] 
This process has been found to yield homogeneous surfaces covered by random networks of CNTs with 
low surface roughness. The surface roughness of the EPD CNT films has also shown to be comparable to 
ITO films and less than the surface roughness of other CNT deposition methods such as filtering. This 
low surface roughness makes the EPD process better suited for stacked thin films such as those in 
ultracapacitors where small surface defects could short circuit the devices. Figure 2.8 shows empirical 
data of average surface roughness for CNT films using additional fabrication techniques: Dip Coating, 
Filter Method, Spray Coating, and Electrophoretic Deposition versus indium tin oxide (ITO). 
                        
Figure 2.8 – Surface roughness for CNT films produced by various methods compared to ITO [52] 
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The films produced using EPD are reported to show limited voids in the network of less than 100nm 
and macroscopic homogenous structures with uniform thickness between 5-10µm depending on the 
applied voltage and deposition time [51,52]. EPD has also been used to produce thin transparent uniform 
CNT films for optoelectronic devices with thicknesses of approximately 54nm with only 40 seconds of 
deposition time [53]. A hot transfer process was needed to bond polyethylene terephthalate (PET) films to 
the very thin CNT films to create composite flexible transparent PET + CNT thin electrodes that could 
then withstand over 10,000 bending cycles [53]. These durable CNT composite sheets are well suited for 
mass produced fabrication. The benefits of EPD include short fabrication times and uniform surface 
properties with low surface resistance, minimal roughness, and excellent material utilization, while the 
issues with EPD are limited to the specific requirements for substrates and the complexity of the EPD cell 
[51,52,53]. These excellent properties make EPD ideally suited for mass produced electronic and energy 
storage devices and thus the primary focus of this work will be on the development and further 
characterization of the EPD process for producing SWCNT ultracapacitor electrodes. 
2.3 Published Results and Commercial Benchmarks 
As a basis for all research it is important to understand the current best known results or benchmarks for 
which a researcher is striving to surpass. A literature review of current published research capacitance 
values and list of commercially available ultracapacitors are included here. 
2.3.1 Carbon Nanotube Ultracapacitor Properties 
Table 2.1 below shows a summary of specific capacitance, differential capacitance, specific power, and 
specific energy values for ultracapacitor electrodes fabricated using different carbon types. Carbon types 
include MWCNT, SWCNT, activated carbon (AC), and graphene sheets. Whether the electrodes were 
treated or untreated to use pseudocapacitance and the scan rates at which the capacitance values were 
calculated are also included in this list [54-62].  
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(Wh/kg) Scan Rate Ref. 
MWCNT Y - MnOx 378-469 - 120.1* - 100mV/s [55] 
MWCNT N 113 24 - 3.9 - [56] 
MMCNT 
Y - NH3 
Treated 207 240 - 5.8 
0-
1000mV/s [57] 
SWCNT N 180 50 - 6.5 - [58] 
SWCNT N 60 6  13.0 - [59] 
SWCNT N 20 - - - - [60] 
SWCNT N 35 - 197.3 43.7 20mV/s [61] 
SWCNT + AC N 142 - 22.0 50.0 5-200mV/s [60] 
AC N 90 - 6.3 19.6 5-200mV/s [60] 
Graphene N 245 - - - 
10-
100mV/s [62] 
Graphene Y – MnO2 328 - 25.8 11.4 
10-
100mV/s [62] 
*Calculated values indicated by “*”all other data is as reported. 
From the above summary it is clear that pseudocapacitance, which uses the partial chemical reaction of 
added species such as MnO2 to increase the overall capacitance of ultracapacitors, has an additive effect 
to the electrochemical double layers capacitance [55,62]. However, for the purposes of this work the 
focus is on the creation of a SWCNT network which has good capacitance values without the use of 
pseudocapacitance. In future work it can be appreciated that the addition of MnO2 or other additives to the 
optimized SWCNT network discussed here will yield further capacitance improvements. By focusing 
solely on the optimization of the core SWCNT network a solid foundation for the addition of 
pseudocapacitance in a later work has been laid. 
2.3.2 Commercially Available Ultracapacitor Properties 
In addition to looking at research values it can also be useful to have an understanding of the best in class 
commercial devices that are available on the market today. Commercial devices by necessity have 
typically undergone extensive durability, reliability and characterization testing to ensure that the product 
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has a useful life and will meet or exceed the expectations of customers. Although lower than research 
values, the values of commercial ultracapacitors as shown in Table 2.2 below are also a good benchmark 
for what is achievable in a repeatable large scale production environment. 
Table 2.2 - Commercially available carbon EDLCs [1] 




voltage (V)  Type 
Asahi Glass EDLC 500–2000 3, 14/42  Carbon/non-aqueous 
AVX  Bestcap  0.022–0.56  3.5–12  Carbon/polymer/aqueous 
Cap-XX  Supercapacitor  0.09–2.8  2.25–4.5  Carbon/non-aqueous 
Cooper PowerStor 0.47–50 2.3–5 Aerogel/non-aqueous 
ELNA Dynacap 0.333–100 2.5–6.3 Carbon/non-aqueous 
Epcos Ultracapacitor 5–5000 2.3,2.5 Carbon/non-aqueous 
Evans Capattery 0.01–1.5 5.5,11 Carbon/aqueous 
Maxwell Boostcap/PowerCache 1.8–2600 2.5 Carbon/non-aqueous 
NEC Supercapacitor 0.01–6.5 3.5–12 
Carbon/aqueous 
Carbon/organic 
Nippon Chemi-Con DLCAP 300–3000 2.3,2.5 Carbon/non-aqueous 
Ness NessCap 3–5000 2.3,2.7 Carbon/organic 
Matsushita/Panasonic Gold capacitor 0.1–2500 2.3–5.5 Carbon/organic 






One of the key issues with the use of SWCNTs is the creation of bulk materials which demonstrate the 
excellent individual properties that SWCNTs possess. If the SWCNTs are not well distributed on a bulk 
surface and only cover a small percentage of the substrate then the bulk material may show little or no 
increase in the desired properties. Similarly, if the SWCNTs become agglomerated and group together 
then their individual properties such as high surface area and nanoporosity become reduced and the 
agglomerated properties again dominate the bulk material. Current research with powder based SWCNTs 
as discussed here is focused on the dispersion of SWCNTs into liquid suspensions and then the coating of 
the SWCNT suspensions onto large substrates for use in ultracapacitor electrodes. The experimental 
procedures discussed below describe the various dispersion and coating methods tested within this work 
and ultimately describes a procedure for successfully creating uniform nanoporous SWCNT coated 
electrodes efficiently and reproducibly. 
3.1 Single-Walled Carbon Nanotube Suspensions 
As produced powder CNTs are hydrophobic and do not disperse well into aqueous suspensions as 
discussed previously in section 2.1 and as shown in Figure 2.3 in section 2.1.3. For this work purified 
SWCNTs (97%) were obtained from Nano-C Inc. When mixed with H2O the SWCNTs agglomerated 
together in clumps and floated to the surface. Even with the use of a sonication bath the SWCNTs did not 
disperse and thus a uniform suspension could not be created without further treatment. 
3.1.1 Single-Walled Carbon Nanotubes in H2O Using Surfactants 
Surfactants such as sodium dodecyl sulfate (SDS) (CH3(CH2)11OSO3Na) have been shown to be effective 
in dispersing the CNTs into water suspensions [46]. By adsorbing SDS onto the surface of the CNT it has 
been reported possible to evenly disperse CNTs in water suspensions. To further understand the effect of 
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SDS on dispersion quality in this work various concentrations of SDS (Sigma-Aldrich) aqueous solution 
were prepared and mixed with equal masses of SWCNTs and sonicated in a Branson 5210 Ultrasonic 
cleaner for 1hr at 22°C. After sonication the suspensions were centrifuged for 30min at 4000RPM and 
decanted to remove agglomerated SWCNT bundles and particulate from the suspension. Figure 3.1 shows 
the optical density of various samples and shows that the surfactant concentration is found to be 
proportional to SWCNT dispersion quality. Here each tube contains 0.25mg/ml SWCNT in SDS 
concentrations varying from left to right: 0.1M, 0.01M, 0.001M, and 0M (no SDS, SWCNT in pure H2O). 
Although each sample contains the same concentration of SWCNTs (0.25mg/ml) the samples on the left 
with higher concentrations of SDS show much better dispersion and thus much lower optical 
transparency.  
 
Figure 3.1 – SWCNTs dispersed in H2O using decreasing concentrations of SDS 
 
For the use of surfactant based SWCNT suspensions it is important to minimize the surfactant 
concentration since the surfactant will adversely affect the electrical and capacitive properties of the 
SWCNTs networks [32]. After the CNT + SDS thin film has been created it is possible to remove some of 
the surfactant through further washing or treatment of the thin films, but this adds additional processing 
steps and in multilayer films some surfactant becomes trapped and not all surfactant can be removed. 
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From the SDS concentration experiments it was determined that an SDS concentration of 0.1M was 
optimal for the fabrication of SWCNT aqueous suspensions having good SWCNT dispersion and 
resistance to agglomeration while using a low mass of added surfactant. 
3.1.2 Acid Functionalized Single-Walled Carbon Nanotubes in H2O 
As an alternative to surfactant based SWCNT suspensions and to eliminate the need for additional 
washing steps acid functionalized SWCNT aqueous suspensions were also prepared in this work. Purified 
SWCNTs (97%) obtained from Nano-C Inc. were first acid functionalized using a mixture of 
concentrated nitric (HNO3) and sulfuric (H2SO4) acid in a ratio of 1:3 respectfully (Sigma-Aldrich). 10mL 
of the acid mixture was added to 250mg of SWCNT powder for 30min to complete the carboxyl 
functionalization [63-64]. During this process the acid mixture adds –COOH functional groups to defect 
and end sites on the SWCNTs [29,65]. This negatively polarizes the SWCNTs and allows them to 
disperse well in pure H2O without the use of additional surfactants [66]. Since the addition of surfactants 
has been shown to negatively affect the performance of CNTs and it is difficult to remove the surfactant 
from the CNT network after processing the functionalization method for creating SWCNT suspensions is 
better suited for the fabrication of SWCNT ultracapacitor electrodes [32 ,67]. After acid functionalizing, 
the SWCNT acid mixture was diluted with de-ionized water and washed through paper filters (Whatman 
#4) to remove the acidity from the SWCNTs as shown in Figure 3.2. The process was repeated until the 
filtered SWCNT slurry reached a pH of 7, then the functionalized SWCNTs were washed from the filter 
into 500ml of di-water to produce a SWCNT aqueous suspension with a SWCNT concentration of 
approximately 0.5mg/mL H2O. The suspension was then placed in a Branson 5210 ultrasonic cleaner for 
30min at 22°C and centrifuged for 30min at 4000RPM to remove agglomerated SWCNT bundles from 




Figure 3.2 - Images showing acid removal and filtering of SWCNTs 
 
The functionalized SWCNT aqueous suspension was found to have excellent dispersion of SWCNTs 
and strong resistance to agglomeration or precipitation of SWCNT bundles over time. A functionalized 
SWCNT suspension prepared 2 months prior to the photograph date is shown below (Figure 3.3).  
 
Figure 3.3 - Optical image of functionalized SWCNT suspension two months after preparation 
 
27 
3.2 Single-Walled Carbon Nanotube Suspension Processing 
Initial testing of the SWCNT suspensions was done using a simple drop coating technique to evaluate the 
dispersion quality of the surfactant based SWCNT aqueous suspensions. From the drop coating samples it 
was determined that the surfactant based suspension had issues with surfactant in the network and that the 
drop coating method itself had issues with uniform surface density. To address these issues later 
experiments used the functionalized SWCNT aqueous suspensions as an alternative to surfactant based 
suspensions and other experimental methods such as high voltage electro spraying (HVES) and inkjet 
printing were attempted in an effort to resolve the uniformity issues. Ultimately electrophoretic deposition 
(EPD) was used to as the primary processing method for functionalized SWCNTs. Detailed descriptions 
and figures are shown below of the experimental procedures for each SWCNT suspension processing 
method used in this work. 
3.2.1 Drop Coating  
Initially drop coated samples were prepared on various substrates including aluminum (Al), nickel (Ni) 
and stainless steel (SST) foils using SDS surfactant based SWCNT aqueous suspension prepared as 
described above in section 3.1.1. For drop coating, approximately 3-4 drop (0.1-0.2ml) of 0.5mg/ml 
SWCNT suspension was applied to horizontal substrates using a micropipette as shown in Figure 3.4 and 




Figure 3.4 - Schematic diagram of SWCNT drop coating process 
 
3.2.2 High Voltage Electro Spraying 
High voltage electro-spraying (HVES) is a well known method for producing well mixed micro fibrous 
networks, typically using polymer materials [68,69]. For this work HVES was adapted in an attempt to 
use the method to disperse the acid functionalized SWCNT aqueous suspension as prepared previously in 
section 3.1.2. In high voltage electro-spraying of SWCNTs, Ni electrodes acted as substrates. The Ni 
electrodes were attached to the positive lead and placed approximately 25cm below a grounded 
dispensing needle containing 30mL of SWCNT suspension. An 8kV potential was introduced between 
the dispensing needle and the electrodes and the suspension was slowly ejected from the needle. For 
HVES both aqueous functionalized SWCNT suspensions as described in section 3.1.2 and ethanol based 
functionalized SWCNT suspensions as prepared using the same method but with ethanol replacing H2O in 





Figure 3.5 - Schematic diagram of HVES SWCNT coating process 
 
3.2.3 Inkjet Printing 
In addition to drop and HVES techniques for the coating of SWCNTs onto conductive substrates or 
electrodes, ink jet printing of SWCNTs was also investigated as an experimental technique for the 
fabrication of SWCNT ultracapacitor electrodes. Here the acid functionalized SWCNT suspension as 
prepared in section 3.1.2 was used to replace traditional black inks in consumer ink jet printers and used 
to coat copy paper and electrically conductive ITO coated PET (Sigma-Aldrich). Two printer types were 
used for this process (Figure 3.6):  
1) Piezoelectric Epson Stylus NX510, 5760 x 1440 dpi, 2.0 picoliter droplet size [70] 




Figure 3.6 - 1) Epson Stylus NX510 and 2) HP Deskjet F4480 printers [70,71] 
 
In each case the original inkjet cartridges (Epson T069 and HP 60) were removed from the printers and 
the black ink was extracted from the top of the cartridges using a syringe via their filling holes located 
under the top side label. Once all the original ink was removed, 5-10ml of de-ionized water was injected 
into the filling holes to rinse and remove all colored dies from the ink cartridges. The de-ionized water 
was then removed and the process repeated until the injected water ran clear after extraction. 
Once all of the black ink and di-ionized water was removed from the cartridges, the functionalized 
SWCNT suspension was sonicated in a Branson 5210 ultrasonic cleaner for 30min at 22°C and 5-10ml of 
SWCNT suspension was injected into the empty cartridges. The SWCNT inkjet cartridges were then 
sonicated for an additional 5min in a Branson 5210 ultrasonic cleaner at 22°C before being placed back 
into their respective printers. Various electrode shapes 3x1cm, 3x3cm, 3x5cm, etc were created in word 
and used to print the SWCNTs onto standard white copy paper or ITO coated PET. These non-electrically 
and electrically conductive substrates were then fed back into the printer repeatedly to increase the 
density of the SWCNT on the substrates by printing multiple layers onto the same location. In each case 
the cartridges were removed and re-sonicated for 5-10 minutes after every 5 prints. This helps to avoid 
nozzle clogging in the cartridges due to agglomerated SWCNT bundles and also allows the substrates to 




3.2.4 Electrophoretic Deposition 
Experimentation with various SWCNT dispersion techniques also included the use electrophoretic 
deposition (EPD). Although research in the area of carbon nanotube (CNT) EPD has already been 
investigated by others as reported in section 2.2.4, it appears to be a promising technique for the 
fabrication of CNT electrodes for use in ultracapacitors and potential exists for improvement of the 
process. A summary of existing EPD parameter configurations and CNT suspensions and as reported by 
Boccaccini for use with CNT EPD processes is shown below in Table 3.1 and Table 3.2 below [50]. From 
these tables a need is identified for further CNT EPD characterization research. Specifically a need exists 
to look at the effect of extended EPD processing times beyond 10min and the effect of EPD processing 
temperature on the capacitance of thin SWCNT films for use in ultracapacitors.  




Table 3.2 - Summary of CNT type and suspension preparation for CNT EPD [50] 
 
In this work two electrophoretic deposition cells were created. The first cell uses a single power supply, a 
beaker, nylon spacer, and a hand clamp. This simple device was designed to allow initial experimentation 
of the EPD process for the coating of functionalized SWCNTs onto Ni and SST substrates. This first cell 
was a proof of concept device and was used to perform the first extended processing time fabrication of 
SWCNT electrodes processed at room temperature for 0 to 60 minutes. Approximately 90 SWCNT 
electrodes were produced using the first EPD cell. Using the initial cell as a template a second more 
advanced EPD cell was designed and fabricated to specifically evaluate the effect of EPD processing 
temperatures on the processing time vs capacitance curves. This second cell uses three power supplies, a 
fan, a thermoelectric cooler, a heat sink, a beaker, and a machined polycarbonate spacer with two 
integrated spring clamps. The second cell was used to perform extended processing time fabrication of 
SWCNT electrodes for 0 to 60 minutes at a range of EPD processing temperatures from 5 to 60°C. 
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3.2.4.1 Electrophoretic Deposition Cell 1 
The initial EPD cell was fabricated with a working distance of 1cm between electrodes. Upon fabrication 
the positive electrodes from the EPD cell also acted as the current collectors for the characterization of the 
SWCNT ultracapacitors. Stainless steel (SST) 304 (70%Fe, 19%Cr, 11%Ni: wt%) sheets 0.100mm thick 
from Alfa Aesar were used as the current collectors and substrates for the SWCNT electrodes. The SST 
electrodes were cut, numbered, and weighed prior to deposition then installed into the EPD cell and 
lowered into the functionalized SWCNT aqueous suspension to a depth of 1cm. A DC power supply was 
used to apply 10-50V to the EPD cell for duration of 1-60 minutes. During EPD processing the negatively 
charged functionalized SWCNTs move towards the positive electrode and uniformly coated the surface. 
The SWCNT coated positive electrode is then removed from the suspension under applied voltage and 
disconnected from the voltage supply in air. The SWCNT coated electrodes were then dried in an oven at 
80°C for 30min to remove moisture and solidify the SWCNT network. Figure 3.7 shows a schematic 
diagram of the first EPD cell showing SWCNTs coating the positive electrode. 
 
Figure 3.7 - Schematic diagram of EPD cell 1 SWCNT coating process 
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Through literature reviews and experimental procedures using EPD cell 1 it was determined that an EPD 
working voltage of 40V was optimal for the fabrication of SWCNT electrodes. Voltages less than 30V 
produced non-uniform coatings and were slow to process. Voltages above 50V started to produce 
hydrogen bubbles on the electrodes from the hydrolysis of H2O and disrupted the SWCNT coating. 
3.2.4.2 Temperature Controllable Electrophoretic Deposition Cell 2 
A second EPD cell was designed and fabricated specifically to look at the effect of EPD suspension 
processing temperatures on the capacitance vs EPD processing time. This cell was designed to use a 
peltier device or thermoelectric cooler (TEC) to allow heating and cooling of the SWCNT suspensions in 
the new EPD cell. Applying current to the TEC causes one side to get hot and the other side get to get 
cool such that the TEC acts as a heat pump moving heat from one side to another. By swapping the 
current polarity on the TEC the temperature gradient can be reversed [73]. This enables the hot side to 
become the cool side and vice versa to allow the device to act as both a heater and a cooler by changing 
the polarity of the current to the device. As with the previous EPD cell 1, the new EPD cell 2 is fabricated 
with a working distance of 1cm between electrodes. Stainless steel (SST) 304 (70%Fe, 19%Cr, 11%Ni: 
wt%) sheets 0.100mm thick from Alfa Aesar were used as the current collectors and substrates for the 
SWCNT electrodes in EPD cell 2 as well. The SST electrodes were cut, numbered, and weighed prior to 
deposition then installed into the EPD cell 2 and lowered into the functionalized SWCNT aqueous 
suspension to a depth of 1cm. A DC power supply was used to apply 40V to the EPD cell for duration of 
1-60 minutes. The TEC (Marlow Industries DT6-4L) was also powered by a separate DC power supply 
and was voltage limited between 3-6V to control the suspension temperature between 5-60°C. Under 
operation in an environment of approximately 22°C the TEC polarity needs to be positive to positive to 
cool the EPD SWCNT suspension below room temperature and reversed to be positive to negative for 
heating of the suspension. A Fluke 17B digital thermocouple was immersed in the EPD suspension and 
used to monitor the suspension temperature during processing. A third power supply was used to power a 
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cooling fan which was attached to a heat sink designed to remove the extracted heat from the TEC for the 
cooling mode or supply heat from the room for the heating mode. As in the previous cell, regardless of 
the EPD suspension temperature, the negatively charged functionalized SWCNTs move towards the 
positive electrode and uniformly coated the surface under the applied 40V voltage. The SWCNT coated 
positive electrode is then removed from the suspension under voltage and disconnected from the voltage 
supply in air. The SWCNT coated electrodes were then dried in an oven at 80°C for 30min to remove 
moisture and solidify the SWCNT network. Figure 3.8 shows a schematic diagram of the second EPD cell 
showing the TEC, thermocouple, heat sink, and other items similar to EPD cell 1 such as the SWCNT 
coated positive electrode.  
 
Figure 3.8 - Schematic diagram of EPD cell 2 with temperature controlled process 
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It is also interesting to note that EPD cell 2 had to be built twice. The first version of the temperature 
controlled EPD cell was created using cut polycarbonate sheets and an aluminum base as opposed to a 
glass vessel. A plastic adhesive was used to bond the polycarbonate sheets and aluminum base together to 
form a waterproof cell. The intention was to use the aluminum base for better heat transfer between the 
SWCNT suspension and the TEC thus allowing for a larger EPD temperature range. However, initial 
results with the polycarbonate EPD cell yielded strange and inconsistent results for SWCNT electrode 
fabrication. It was later determined from the residue on the walls and base of the EPD cell that the 
functionalized SWCNTs were being contaminated by either the polycarbonate or adhesive in the cell. To 
resolve the contamination issue a second temperature controlled EPD cell was built using a glass vessel as 
the fluid container. This simplified the cell and eliminated the contamination issue by removing the use of 
the polycarbonate walls, the adhesives, and the aluminum base, and ensured that only glass was in contact 
with the SWCNT suspension. Figure 3.9 below shows photographs of the temperature controlled EPD 
cell 2 with the initial polycarbonate vessel (left) and updated glass vessel (right). 
       





Scanning electron microscope (SEM) images were gathered on a LEO 1530 FE-SEM and were used to 
evaluate the uniformity, visualize the porosity, and measure the cross sectioned thickness of the coated 
SWCNT networks on the SST current collectors. The surface area and average pore size of an EPD 
sample was also measured on a SWCNT coated electrode using a NOVA 2200e BET tester to validate the 
SEM approximation of average pore size. A Raman spectroscopy device using a 633nm HeNe laser was 
used to verify the presence of SWCNTs in the inkjet printed samples. Cyclic voltammetry (CV) 
measurements were performed on all EPD samples to determine the capacitance of each electrode. A 
Princeton Applied Research Potentiostat / Galvanostat Model 273A, within a potential range of 0.0 to 
1.0V at scan rates of 20, 50, and 100mV/s was used for initial characterization of SWCNT EPD 
electrodes with processing times of 0 to 8min. An eDAQ EA163 Potentiostat, within a potential range of -
0.2 to 0.8V at a scan rate of 20mV/s was used for a follow up study of SWCNT EPD electrodes with 
longer processing times of 0 to 60min. A Gamry Reference 3000 Potentiostat within a potential range or -
0.2 to 0.8V at scan rates of 20, 100, and 500mV/s was used for characterization of the final study for EPD 
processing temperatures of 5 to 60°C and processing times of 0 to 60min. Each potentiostat was used as 
access to equipment permitted and all produced similar results. 
4.1 Structural and Morphological Characterization 
Comparison of the nanoporous SWCNT networks under optical and scanning electron microscopes to 
evaluate the porosity, uniformity, and overall quality of the SWCNT networks as produced using the 
various methods was used to qualitatively evaluate the different materials and processes. Initial optical 
images of drop coated surfactant based SWCNT suspensions showed evidence of surfactant 
crystallization and streaking. Based on the poor uniformity and surfactant aggregates observed optically, 
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surfactant dispersion was abandoned and functionalization became the preferred method for dispersing 
SWCNTs into H2O. From the optical and SEM images it was also clear that the HVES and inkjet printed 
electrodes had poor uniformity and poor network formation. Although the drop coating samples had good 
network formation in specific regions of the coating, the coating itself was not uniform across the entire 
coated area. The EPD samples showed good uniformity and network formation across the entire region. 
From the initial optical and SEM results the EPD process was determined to be the most repeatable and 
effective method of coating SWCNTs onto electrode current collectors. The qualitative results of all 
samples are shown below in sections 4.1.1-4.1.4. Based on the poor qualitative results the drop, HVES, 
and inkjet coating processes were not further characterized and capacitance data was gathered for the 
EPD process only. 
4.1.1 Drop Coating Optical and Scanning Electron Microscope Results 
The first SWCNT samples were created using surfactant based SWCNT suspensions prepared as 
described in section 3.1.1 using the drop coating method from section 3.2.1. Figure 4.1 shows optical 
images of drop coated SWCNT samples made using 0.1M SDS suspensions.  
 




From these optical images it is obvious that the dispersion uniformity is poor. A coffee ring effect is 
observed near the perimeter of the drop where a higher concentration of SWCNTs is indicated by the dark 
ring. Within the droplet there are varying densities of SWCNTs as indicated by the dark streaks. 
Surfactant aggregates can also be observed in the left image near the coffee ring edge as is indicated by 
the light colored streaks. In addition the right image shows significant SWCNT agglomeration or large 
particles of SWCNTs on the substrate. Further qualitative analysis of the surfactant based drop coated 
samples by SEM confirmed that the poor uniformity was also present at the nanoscale. Figure 4.2 shows 
medium (1000X) and high (50000X) magnification images of the SWCNT SDS drop coated samples. 
Streaking can be observed in the medium magnification image and indicates poor uniformity across the 
0.20mm image view. In the high magnification image SWCNT bundles can be observed stretching 
perpendicular to the streak directions. From this high magnification image it is hypothesized that as the 
drop samples dry in air the SWCNTs are drawn perpendicular to the streaks by surface tension of the fluid 
as it dries forming the observed streaks. From the SEM images the observed streaks appear to contain 
higher concentrations of SWCNT bundles and surfactant which helps support the hypothesis that the 
streaks are the last areas on the substrate to dry out.  
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Figure 4.4 - SWCNT SDS drop coating samples 2000X (Left: 0.01M SDS, Right: 0.1M SDS) 
 
To address the coffee ring effect produced by the drop coating method the aluminum substrate was 
treated with 0.4M phosphoric acid (H3PO4) to make it less hydrophobic to the SWCNT SDS suspensions. 
This treatment successfully prevented the formation of round droplets on the surface. After the treatment 
the SWCNT suspension wicked across the surface of the substrate and thus eliminated the coffee ring 
effect. However, instead of a coffee ring effect, areas of higher SWCNT concentration were still observed 
in lines and leaf patterns on the substrate as shown in Figure 4.5 and still contributed to poor uniformity. 
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Figure 4.10 - Reference Raman plot for SWCNTs [74] 
    
Figure 4.11 - Raman plot of SWCNTs printed using HP inkjet printer 
From the reference plot important peaks such as the radial breathing mode (RBM) at 150-350 cm-1 and 
the G band at 1500-1600 cm-1 can be used to identify the presence of SWCNTs [74]. These peaks can be 
clearly seen on the HP Deskjet SWCNT Raman plot which indicates that, although found only in certain 
areas of the HP print and in low densities, SWCNTs were successfully printed through the HP Deskjet 
F4480 printer onto standard copy paper. 
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However, even with 150 printed SWCNT layers neither of the two inkjet printers evaluated could 
produce an electrically conductive SWCNT network due to inadequate SWCNT density. Figure 4.12 
shows photographs of the inkjet printed SWCNTs for prints between 45-150 layers using different print 
patterns. From the images it is clear that increasing the number of printed SWCNT layers increases the 
SWCNT density but even after 150 prints the contrast, which is a representation of the SWCNT density, 
is not nearly as high as the drop coated sample shown in Figure 4.9. 
 
Figure 4.12 - Inkjet printed SWCNTs on copy paper A) 150 prints using HP printer, B) 50 prints 
using HP printer, C) 45 prints using HP printer, D) 80 prints using Epson printer 
 
Further to the point of inadequate SWCNT density in the printed samples, SEM images of the 
electrically conductive drop coating sample on copy paper are shown in Figure 4.13. It is clear from the 
SEM images that the electrically conductive SWCNTs have sufficiently coated the long cellulose fibers of 
the copy paper to produce an electrically conductive network. By contrast Figure 4.14 shows the SEM 
images of SWCNTs coated onto copy paper using the HP inkjet printer with approximately 50 print 
layers. In these images the SWCNT density is insufficient to create an electrically conductive network 
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adhesion of the SWCNTs to the ITO was very poor due to the hydrophobic properties of the substrate. In 
either case the attempt to print a SWCNT network onto ITO PET was deemed unsuccessfully. 
From the experimentation with the two printer types it was determined that contrary to expectations a 
larger nozzle droplet size is preferred for deposition of SWCNTs. With a droplet size of 13.8 picoliters 
the HP printer had fewer issues related to nozzle clogging than the Epson printer with its 2.0 picoliter 
droplet size. In addition to larger droplet size the HP inkjet nozzles are easier to unclog and clean since 
they are part of the ink cartridges and can be removed from the printer frequently and easily. This is in 
contrast to the Epson printer which has its nozzles built into the printer and uses the cartridges as ink 
reservoirs only. This made the Epson printer nozzles difficult to clean and prevented the possibility of 
routine sonication between prints. In the end the Epson printer succumbed to irreparable nozzle clogging. 
As a result of the labor intensive processes, difficulty in obtaining adequate SWCNT densities, and the 
issues obtaining robust SWCNT networks on ITO PET it was determined that the current inkjet printing 
processes are not suitable for the production of SWCNT electrodes for ultracapacitors. 
4.1.4 Electrophoretic Deposition Scanning Electron Results 
After looking at surfactant and functionalized SWCNT suspensions in drop coating, and water and 
ethanol based suspensions in HVES, it was determined that water based functionalized SWCNT 
suspensions produced the best nanoporous networks. To improve on the uniformity and SWCNT 
densities from previous coating methods the electrophoretic deposition method (EPD) was used. After 
initial fabrication of the EPD cell and experimentation of EPD processing parameters, such as electrode 
voltage, EPD showed promising results and became the primary process for electrode fabrication and 
characterization in this work. SEM images of electrodes coated with SWCNTs at various applied voltages 
between 10V and 50V and for various processing times confirmed the presence of SWCNT nanoporous 
networks. Figure 4.16 shows a nanoporous network of an EPD SWCNT coated electrode processed at 






16 - SEM im
es of poor n
 produced wi












of 1 to 2min
n substrate 




V for 3 minu
t low voltage
rom Figure 4
t 20V for 1m
 
tes 51000X







For these low voltages and short processing times the formation of the SWCNT networks was sparse 
and the overall coverage of the electrode was not uniform. Although bundles of SWCNTs were visible, 
areas of bare SST could be readily observed, and the formation of a SWCNT nanoporous network was not 
complete. As expected, there appears to be a direct correlation between the EPD voltage, the processing 
time, and the SWCNT network formation. The creation of a SWCNT network can be observed visually 
from. SEM images of a 30V 3min processed electrode which show the formation of a SWCNT network 
occurring over a hole in the SWCNT coating (Figure 4.18). SWCNT bundles can be observed spanning 
the hole and completing the SWCNT network. It is hypothesized that given a longer processing time or a 
higher processing voltage the hole on this sample would have completely filed in with SWCNTs to form a 
uniform nanoporous network such as the areas surrounding the hole. 
 
Figure 4.18 - Formation of SWCNT network across a hole using EPD at 30V for 3min 
 
Further experimentation of EPD processing parameters determined that the optimal EPD processing 
voltage for SWCNTs was 40V as discussed previously in section 3.2.4. In addition to the working voltage 
EPD processing time and temperature using EPD cells 1 and 2 were also evaluated. Varying the 
processing parameters allowed for better and more uniform SWCNT coatings to be created. Figure 4.19 
shows the excellent uniformity that is achieved using the EPD process. Figure 4.19-A is a low 
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Structural characterization of the EPD networks using the SEM revealed that increasing processing 
time and processing voltage increased the density of SWCNT networks as shown in previous Figure 4.16-
Figure 4.18. Similarly it was found from optical and SEM images that an increase in EPD processing 
temperature increased both the nanoscale SWCNT network densities as well as the bulk coating density. 
The increase in bulk coating density for different processing temperatures is especially noticeable for 
shorter EPD processing durations less than 15 minutes, as can be seen in Figure 4.20 below when 
comparing the optical density of the 3 and 8 minute samples prepared at 5°C versus 60°C. 
 
Figure 4.20 - Optical images of SWCNT electrodes coated using EPD at various processing times 3, 
8, 15, 30, and 60 minutes at 5°C and 60°C 
 
Figure 4.21 to Figure 4.24 below show medium (5000X) and high magnification (200000X) SEM 
images of SWCNT networks created each using 8 minute EPD durations at different processing 
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somewhere between 0 and 2.5mg depending on the processing time and processing temperature. 
Unfortunately even at the max mass of 2.5mg the mass of the SWCNT material is at most about 1% of the 
total electrode mass and thus the error range of the day to day mass measurements were not accurate to 
provide useful data on the added SWCNT mass. From the data that was gathered variations in the mass of 
the same sample varied by as much as 0.5mg for multiple measurements which represented at least 20% , 
and potentially 100%, of the total SWCNT mass on the electrodes. Hence mass measurements could not 
be used as a characterization parameter for the SWCNT networks. As an alternative to SWCNT mass, the 
thickness of the EPD SWCNT networks was obtained by mounting the processed electrodes in resin, 
cross sectioning and polishing the samples, and measuring the SWCNT network thicknesses from SEM 
images. The thicknesses can then be used to provide quantitative values for the amount of SWCNT 
material added to the current collectors under the different processing temperatures and later to correlate 
those values to the capacitance data collected in the following section. Figure 4.25, Figure 4.26, Figure 
4.27, and Figure 4.28 show SEM images of the various samples processed at 5°C, 22°C, 45°C and 60°C 
each for an 8 minute EPD processing time. From these images the 100µm SST substrate can be clearly 
identified and used a dimensional reference. The boundary of the SWCNT networks can be clearly 
identified by a sharp contrast line. Due to sample polishing some SWCNTs have been smeared into the 
softer epoxy resin darkening the surface, however the solid boundary line shows through and indicates 
where the full thickness SWCNT network lies. Based on the SEM images of the 8 minute processed 
samples the thicknesses for the various processing temperatures were found to be: 4.5-5.3µm for 5°C, 
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The thickness variations within the same samples were found to be larger for the higher temperature EPD 
processed samples. For example the 5°C samples had a narrow range of less than 1µm or about 20% of 
the average 5µm thickness where the 60°C sample had a much larger range greater than 10µm or about 
65% of the average 15µm thickness. This result agrees with the previous SEM images showing that the 
higher processing temperatures also appeared to have larger three dimensional networks or surface height 
variation.  
Based on the SEM and optical analysis of the SWCNT structures it is clear that longer processing times 
yield better coverage and higher SWCNT densities. It is now also understood that elevated EPD 
processing temperatures produce thicker SWCNT films and deposit more SWCNT material onto 
substrates than SWCNT electrodes produced at room or reduced EPD processing temperatures given the 
same processing times as shown in Figure 4.29. 
 
Figure 4.29 - Plot of SWCNT network thickness against EPD processing temperature 
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It is hypothesized that the increase in temperature of the SWCNT suspension in the EPD cell allows for 
higher mobility of SWCNTs within the suspension and that the elevated suspension temperature increases 
the electrical conductivity of the suspension thus reducing the overall EPD cell resistance and promoting 
thicker SWCNT films. 
The structural results of the SWCNT coated electrodes produced using EPD show excellent promise for 
the use of SWCNT EPD produced electrodes in ultracapacitors. By varying process parameters a 
controllable process was identified which could deposit uniform SWCNT coatings on metallic current 
collectors.  Although it is assumed that increases in the SWCNT densities and coating thicknesses will 
increase the capacitance of the SWCNT electrodes further characterization is needed to determine exactly 
how the EPD processing times and processing temperatures affect the capacitance. Specifically it is 
important to determine: 1) if a capacitance limit exists for extended EPD processing times, 2) if the 
relationship between processing time and capacitance is linear for extended EPD processing times, and 3) 
what is the effect of EPD processing temperature on the capacitance of SWCNT coated electrodes. 
4.2 Brunauer-Emmett-Teller (BET) Pore Size Analysis 
A BET surface analyzer was used to validate the pore sizes of the nanoporous SWCNT network as 
observed on in the SEM images of the EPD samples. Based on the SEM images of a 30V 3min EPD 
sample as shown previously in Figure 4.16 an average pore radius of approximately 20nm is observed. 
The BET surface analyzer confirmed that the visual approximations of pore radius from SEM images are 
accurate by yielding an average pore radius of 22.36nm for all pores less than 124.2nm in the same 
sample. Appendix A includes the raw BET data for the EPD sample.  
Due to the difficulty in obtaining the specific mass of the SWCNTs added to the current collectors in 
the EPD process the total mass of the electrode (183.6mg), which includes both the SWCNTs and the 
current collector, was used for the BET measurement. Hence, the specific surface area of the SWCNT 
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network cannot be determined accurately. The specific surface area including the weight of the current 
collector was 0.1243m2/g. From the concentration (0.5mg/ml) and volume (5ml) of the SWCNT 
suspension used in the EPD process it can be estimated that the SWCNT mass deposited onto the current 
collectors is between 0.1-2.5mg. Discounting the mass of the current collector the specific surface area of 
the SWCNT network can be approximated between 10-228m2/g depending on the actual SWCNT mass 
deposited. This range aligns well with published data where CNT based electrodes report specific surface 
areas between 82-430m2/g [54,60]. 
4.3 Electrical Resistance 
Before testing the capacitance of the EPD samples the electrical resistance of the SWCNT networks was 
validated to ensure that electrical conductivity is maintained throughout the SWCNT networks and the 
current collectors.  Internal resistance tests were performed on a few early generation Ni EPD samples to 
confirm that the SWCNT coated electrodes were suitable for capacitance characterization. For this test the 
SWCNT coated electrodes were clamped between flat conductive probes having a surface area of 
0.785cm2 using the mass of the upper electrode to provide uniform pressure. The electrical resistance was 
then measured through the SWCNT network and metallic current collector using an Agilent E4980A 
Precision LCR meter. To evaluate the effect of the SWCNTs on the current collector a bare Ni current 
collector, a poorly coated 20V 3min EPD SWCNT sample, a well coated 30V 3min EPD SWCNT 
sample, and a well coated drop method SWCNT sample were tested and their values were compared as 
shown in Table 4.1. 









From the electrical resistance results it was observed that the SWCNTs had a net positive effect on 
lowering the internal resistance of the electrodes. For the poorly coated 20V EPD sample the internal 
resistance was essentially the same as the uncoated current collector. However, the 30V EPD sample, 
which had a thick coating of SWCNTs on the current collector, and the drop coated sample, which also 
had a well coated SWCNT network on the current collector, both had lower internal resistance values 
than the uncoated current collector. It is hypothesized that the electrically conductive SWCNT networks 
may have penetrated the thin oxide layer on the Ni surface and thus the internal resistance was lower in 
the samples with thick well formed SWCNT networks. The poorly formed SWCNT network may have 
had insufficient SWCNT density to penetrate the oxide layer or too few SWCNT junctions to create an 
electrically conductive SWCNT network and hence did not reduce the internal resistance of the electrode. 
Based on these results the addition of SWCNTs to the uncoated current collectors does not increase the 
internal resistance of the electrodes and shows that excellent electrical conductivity exists between the 
current collectors and SWCNT networks. 
4.4 Electrochemical Characterization – Cyclic Voltammetry 
Cyclic voltammetry (CV) is a valuable characterization tool for evaluating ultracapacitor electrode 
performance and is the primary characterization tool used to evaluate the performance of the EPD 
processed SWCNT electrodes in this work. CV curves were obtained for each EPD electrode produced 
and from the CV curve a capacitance value could be generated. This allows for the comparison of various 
processing variables such as processing time and processing temperature to be plotted and analyzed 
versus their respective capacitance values. 
4.4.1 Cyclic Voltammetry – Electrophoretic Deposition Time Dependence 
At a constant EPD voltage of 40V SST electrodes were prepared using EPD processing times of 0, 3, 5, 8, 
15, 30, and 60 minutes to investigate the SWCNT network formation over extended processing times. 
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Cyclic voltammetry curves were then gathered to determine the effect of the EPD processing time on the 
capacitance of the SWCNT coated SST samples.  
CV curves were recorded for each processed electrodes using an Ag/AgCl reference electrode and a Pt 
counter electrode in a three electrode cell. The working electrolyte for the CV curves was 1M HSO4. 
Figure 4.30, Figure 4.31, and Figure 4.32 are the CV curves for the SWCNT coated electrodes processed 
between 0-8min at scan rates of 20, 50, and 100mV/s. These figures show that at each scan rate an 
increase in EPD processing time resulted in an increase in the area within the CV curves. This indicates 
increases in electrode capacitance with increasing EPD processing time regardless of the scan rate. 
 
Figure 4.30 - CV curves of SWCNT coated SST electrodes at 20mV/s showing the effect of EPD 




Figure 4.31 - CV curves of SWCNT coated SST electrodes at 50mV/s showing the effect of EPD 
processing time on capacitance for 0-8 minutes 
 
Figure 4.32 - CV curves of SWCNT coated SST electrodes at 100mV/s showing the effect of EPD 
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difficult to accurately determine and so the projected current collector area in cm2 was used for 
capacitance reference. Capacitance values of approximately 0.16, 3.12, 5.16, 7.40, 12.53, 18.57, and 
26.50 mF/cm2 were calculated from the CV curves in Figure 4.33 for EPD processing times of 0, 3, 5, 8, 
15, 30, and 60 minutes at 20mV/s respectively. Figure 4.34 shows a plot of the relationship observed 
between EPD processing time and the capacitance of the SWCNT coated SST electrodes for EPD 
processing times from 0-60 minutes.  
 
Figure 4.34 - Relationship between SWCNT EPD processing time and capacitance 0-60min, with 
inset extrapolated slope curve showing trail off of capacitance to processing time ratio 
For processing times less than 10min a nearly linear relationship between the EPD processing time and 
the capacitance of the SWCNT electrodes is observed. A capacitance to processing time relationship of 
approximately 1.0mF/(min•cm2) was calculated from the slope of the capacitance vs time curve in this 
linear region. Beyond a processing time of 10 minutes the capacitance to processing time ratio trails off to 
less than 0.5mF/(min•cm2) at 60 minutes and  the curve follows a logarithmic approximation of: 
y = 0.0094ln(x) - 0.0127 F/cm2           (4.1) 
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Extrapolating the experimental data curve and plotting the slope (inset of Figure 4.34) indicates that the 
capacitance gains due to extended processing time significantly decreases beyond EPD processing times 
of 200 minutes to less than 0.05mF/(min•cm2). This information is useful for the determination of 
processing parameters for the fabrication of SWCNT coated electrodes for ultracapacitors in high volume 
manufacturing. Using this information an optimal processing time can be selected which balances the 
production costs and the gains in electrode capacitance associated with extended EPD processing times.  
Comparing the capacitance of the 0 minute (bare SST) and the 60 minute EPD processed SWCNT 
electrodes from this first EPD cell shows that the addition of SWCNTs to the SST substrate by EPD 
significantly improved the capacitance of the uncoated SST electrode. The capacitance of the SWCNT 
coated SST electrode was 165 times larger than the uncoated SST electrode. From the plot it can be 
predicted that further processing time could yield additional increases in capacitance, but that the 
relationship between increased capacitance and processing time significantly decreases as processing time 
become large, specifically greater than 200 minutes. Shorter processing times less than 10 minutes yield 
the best return for the time to capacitance gain ratio.  
4.4.2 Cyclic Voltammetry – Electrophoretic Deposition Temperature Dependence 
In an effort to further increase the capacitance gains of SWCNT electrodes produced by EPD a second 
EPD cell was created which could change the processing temperature of the SWCNT suspension within 
the EPD cell. Similar to the original EPD time dependent experiments, a constant EPD voltage of 40V 
was used and SWCNT coated SST electrodes were prepared using EPD processing  times of 0, 3, 8, 15, 
30, and 60 minutes. In addition to the investigation of the SWCNT network formation with increasing 
processing times the processing temperature of the EPD suspension was maintained at 5°C, 22°C, 45°C, 
and 60°C for each series of processing times. CV curves were then gathered for each electrode to 
determine the effect of the EPD processing temperature on the capacitance of the SWCNT coated SST 
samples at specific processing times.  
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As in the previous section CV curves were recorded for each processed electrodes using an Ag/AgCl 
reference electrode and a Pt counter electrode in a three electrode cell. The working electrolyte for the CV 
curves was 1M HSO4. 
Figure 4.35 A-D are the CV curves for the SWCNT coated electrodes processed between 3 60 minutes 
at a scan rate of 20mV/s for EPD processing temperatures of 5°C, 22°C, 45°C, and 60°C. In each plot it 
can again be seen that an increase in EPD processing time results in an increase in the area within the CV 
curves and thus an increase in electrode capacitance. However, it is interesting to note that at the higher 
processing times of 60 minutes the CV curves for each figure are similar in size regardless of the 
processing temperature. In addition it is clear that the higher processing temperatures result in much 
larger CV curves for shorter processing times as indicated by the openness of the 45°C and 60°C figures. 
As the processing temperatures increase the CV curves become more open in the middle. This indicates 
that the effect of processing time is diminished when using elevated EPD processing temperatures and is 
an important finding for the manufacturing of SWCNT electrodes by EPD. 
 
Figure 4.35 - CV curves for SWCNT EPD processed electrodes at a scan rate of 20mV/s for 3-60 
minutes at various EPD processing temperatures: A) 5°C, B) 22°C, C) 45°C, D) 60°C 
 
70 
The 20mV/s scan rates were used to compare all sample processing temperatures and processing times, 
however, higher scan rates were also evaluated for some samples to determine the capability of the 
SWCNT electrodes to operate at higher charge and discharge rates which is an important characteristic of 
ultracapacitors. Figure 4.36 below shows the CV curves of the SWCNT electrodes EPD processed for 60 
minutes at EPD temperatures of 5°C, 22°C, 45°C, and 60°C. Figure 4.36 A shows the electrodes at a scan 
rate of 100mV/s and Figure 4.36 B shows the electrodes as a scan rate of 500mV/s.  
 
Figure 4.36 - CV curves of SWCNT coated electrodes using EPD for 60min at 5°C, 22°C, 45°C, 
60°C:  A) Scan rate of 100mV/s,  B) Scan rate of 500mV/s 
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In each case the electrodes show excellent capacitance characteristics and maintain the desired 
rectangular CV curve shape. As the scan rate increases the internal resistance of the electrodes can limit 
the current flow and thus charge absorption of the electrodes. For electrodes with high internal resistance 
the CV curves at higher scan rates will tend to slop towards the upper right corner and the body of the CV 
curve will flatten. Although some flattening and sloping can be observed in Figure 4.36 B the scan rate is 
very high at 500mV/s and in general the curves shape is still partially rectangular. In electrodes with high 
internal resistance high scan rates can have significantly lower capacitance values due to the resistive 
behavior of the electrodes and at high enough scan rates the electrodes are choked off and exhibit highly 
resistive behavior with no little or no capacitance. The high scan rate CV curves of the SWCNT 
electrodes produced in this work show that good capacitance can still be achieved at scan rates as high as 
500mV/s. Figure 4.37 shows the relationship between capacitance and scan rate for three of the electrodes 
in this work. From this plot it can be observed that approximately 70% of the original capacitance is still 
achieved at the faster 500mV/s scan rate which is 25 times faster than the original 20mV/s scan rate. 
 




The capacitance values of the remaining temperature processed electrodes were obtained through 
integration of the CV curves shown in Figure 4.35 at a scan rate of 20mV/s. As with the time dependent 
SWCNT EPD samples only 0.1-2.5mg of SWCNTs material was added to the SST electrodes 
representing less than 0.05-1.0% wt of the total electrode mass. Hence the projected current collector area 
in cm2 was used for capacitance reference. Capacitance values ranged between 0.23mF/cm2 for the 
uncoated SST electrode to 91.56mF/cm2 for the SWCNT coated electrodes and resulted in an increase in 
capacitance of 398 times the capacitance of the uncoated sample. Assuming a SWCNT mass of 2.0mg 
and projected current collector area of 1cm2 a specific capacitance of 45.78F/g can be estimated which 
aligns well with the published data from section 2.3.1. Figure 4.38 shows the capacitance values and trend 
lines for all SWCNT EPD electrodes with processing times of 0, 3, 8, 15, 30, and 60 minutes and for EPD 
processing temperatures of 5°C, 22°C, 45°C, and 60°C. From this plot the observations from Figure 4.35 
which indicated that effects of EPD processing times are diminished at higher EPD processing 
temperatures are validated. Here it can be seen that high capacitance values can be achieved with short 8 
minute processing times when the EPD processing temperature of the SWCNT suspension is increased. In 
addition it is apparent that the effect of EPD processing time is limited to the first 10 minutes for 
increased EPD processing temperatures of 45°C and 60°C. At elevated temperatures the capacitance 
plateaus or dips after maxing out at approximately 10-15min of EPD processing time. It is hypothesized 
that for these higher temperature EPD suspensions the mobility of the SWCNT is increased and that due 
to the higher deposition rate the EPD cell could be consuming all of the functionalized SWCNT material 






Figure 4.38 - Capacitance values and trend lines of SWCNT coated electrodes EPD processed for 0-
60 minutes at 5°C, 22°C, 45°C, and 60°C 
Figure 4.39 shows the capacitance values of the SWCNT electrodes created under EPD for the various 
processing temperatures but isolates the samples to those less than 10 minutes. Here the effect of EPD 
processing temperature on the capacitance of SWCNT electrodes can be clearly seen. In this shorter EPD 
processing range the slope of capacitance vs processing time for the 60°C samples is almost 4 times 
steeper than the slope for the 5°C samples. Likewise the capacitance of the electrode processed at 60°C 
for 8 minutes is 4.7 times larger than the electrode processed at 5°C for the same 8 minute processing 




Figure 4.39 - Capacitance curves of SWCNT coated electrodes EPD processed for 0-8 minutes at 
5°C, 22°C, 45°C, and 60°C 
As mentioned previously the mass of the SWCNTs added to the current collector is difficult to measure 
since the contribution from the SWCNTs is so small relative to the total mass of the electrode, however 
the SWCNT network thickness data obtained through cross section and SEM analysis in section 4.1.4 
allows a correlation between the SWCNT thickness and the capacitance to be made. Figure 4.40 shows 
the relationship between the deposited SWCNT networks and the capacitance of the electrodes for 
electrodes of varying different thicknesses as created using the different EPD processing temperatures. 






Figure 4.40 - Linear relationship between EPD SWCNT network thickness and electrode 
capacitance 
The plot shows that the increases in capacitance observed under elevated processing times and increased 
processing temperatures can be attributed to an increase in SWCNT network thickness and thus the 
volume of SWCNT material. By increasing the EPD processing time and processing temperature the 
amount of SWCNT material added to the electrodes is increased and thus the capacitance is also 
increased. This is an important finding such that the capacitance gains are affected only by the amount of 
SWCNT material added to the electrode.  By increasing the processing temperature the SWCNT 
deposition rate is increased shortening the deposition time required to achieve high capacitance values. 
The investigation into the effect of EPD processing temperature on the capacitance of EPD produced 
SWCNT electrodes yielded excellent capacitive results and new insights into the effects of EPD 






Within this work various methods for the fabrication of SWCNT electrodes were investigated for the 
purpose of creating SWCNT electrodes for ultracapacitors. Ultimately a process has been illustrated 
which is suitable for large scale high volume production of SWCNT ultracapacitor electrodes from bulk 
SWCNT powders using acid functionalization and EPD. By maintaining the EPD processing voltage 
above 40V and using a processing time greater than 3min a repeatable process has been identified for 
coating SST electrodes with SWCNTs. The formation of uniform SWCNT networks on the surface of 
SST electrodes with nanopore radii of approximately 20nm has been demonstrated. Further investigation 
of the EPD process has also shown that increases in the processing time and the processing temperature 
result in increases in SWCNT network density, thickness, and coverage.  
The EPD processing time parameter has been characterized at 40V and shows that at room temperature 
increases in EPD processing time directly correspond to increases in electrode capacitance. A relationship 
between EPD processing time and capacitance gain has be quantified showing optimal processing gains 
between 0-10min, diminishing capacitance gains from 10-60min, and predicts a saturation of the 
capacitance to EPD processing time ratio for processing times beyond 200min. 
The EPD processing temperature parameter has also been characterized at 40V and shows that increases 
in EPD processing temperatures directly correspond to increases in electrode capacitance for EPD 
processing times less than 10min. Within this time range the capacitance gains are 4 times larger for 
SWCNT electrodes produced at EPD processing temperatures of 60°C compared to those produced at 
5°C for the same duration. This is an important finding for high volume manufacturing where higher 
processing temperatures of the SWCNT suspension in the EPD cell will allow for the production of 
increased capacitance SWCNT electrodes with shorter manufacturing times and thus lower cost. 
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The thicknesses of SWCNT coatings produced at different EPD processing temperatures show that the 
SWCNT thicknesses and thickness variations increase with EPD processing temperature. SWCNT 
coatings processed for 8 minutes at a low processing temperature of 5°C had approximately a 1µm 
variation in thickness between 4.5-5.3µm and at a high processing temperature of 60°C had 
approximately a 10µm variation in thickness between 9.9-20.1µm. 
A linear correlation was also identified between the SWCNT coating thickness and the capacitance values 
obtained from the SWCNT electrodes. From this correlation it was determined that the effective gains in 
capacitance from both extended EPD processing times and processing temperatures can be attributed to 
the additional SWCNT material added to the electrodes. The effect of EPD processing time and 
temperature on capacitance can then be related directly to their ability to increase the deposition of 
SWCNT material onto the SST current collectors. In this work, time dependence shows that the optimum 
SWCNT deposition rates are achieved during EPD processing times less than 10 minutes and temperature 
dependence shows that further increases in SWCNT deposition rates are achieved at elevated EPD 
processing temperatures of 60°C or higher. 
The investigation into the effect of EPD processing times and temperatures on the capacitance of EPD 
produced SWCNT electrodes yielded electrodes with excellent capacitance and shed new light on the 
benefits of increased EPD processing temperatures for the creation of SWCNT coatings. In this work the 
addition of a SWCNT network to a SST electrode by EPD resulted in an increase in capacitance of 398 
times the capacitance of the uncoated electrode. A capacitance value of 0.091F/cm2 or approximately 






In future work the effect of the SWCNT suspension concentration on the SWCNT electrode capacitance 
could be investigated. A hypothesis for this relationship is that above a certain SWCNT concentration the 
EPD process is limited by mobility of the SWCNTs through the fluid and not the proximity of SWCNTs 
to the deposition electrode. In this work it is shown that the capacitance does increase with shorter 
processing times when the EPD processing temperature is raised above room temperature. However, it 
would be interesting to see if the capacitance can increase further with shorter processing times using 
higher concentration SWCNT suspensions and elevated processing temperatures together. The current 
work uses a SWCNT suspension concentration of 0.5mg/ml but variations in concentration of 0.25, 0.50, 
1.00, and 2.0mg/ml could be investigated in future work. 
This work looked at the capacitive behavior of a SWCNT network fabricated by EPD without the use of 
pseudocapacitance. However, literature has shown that the addition of molecular groups such as MnO2 to 
SWCNTs and MWCNTs can provide further increases in the capacitance of CNT electrodes. Now that a 
stable processes has been identified and characterized the addition of pseudocapacitance to the SWCNT 
networks formed by EPD could be used as a method for obtaining additional increases in the capacitance 
of the EPD produced SWCNT electrodes. 
The sensitivity of the functionalized SWCNT suspension to contamination is evident throughout the 
various processes. Specifically, strong evidence of contamination was observed in the first polycarbonate 
fabricated temperature controlled EPD cell and in the use of HP printer cartridges which included foam 
inserts. Future work could look at the interaction between the functionalized SWCNTs and contaminating 
elements such as cellulose, polymers, and other compounds which were observed to react with and cause 
the SWCNTs to drop out of suspension. In addition, future work with inkjet printers having custom 
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cartridges or modified cartridges with all foam inserts removed could have the potential to yield better 
printed results by avoiding the observed contamination. 
The fabrication of an ultracapacitor device made from EPD processed SWCNTs could also be 
investigated in future work. Although this work focuses primarily on the development of single 
electrodes, future work could combine sets of single electrodes processed by the EPD method defined 
here to create functional ultracapacitor devices. These devices could then be evaluated for reliability, 
performance, and compared to commercially available devices. 
A conceptual diagram of a reel to reel high volume production adaptation of the EPD temperature cell 
created in this work is shown below in Figure 6.1. In future work the fabrication of such a production 
EPD cell could enable the fabrication of very large continuous SWCNT coated electrodes for use in 
commercial applications. Such a device has the potential to revolutionize the use of powder SWCNTs in 
large scale fabrication of electronic components, such as ultracapacitors. 
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